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Polymerase-chain-Reaction (PCR) is a thermal cycling (re-
peated heating and cooling of PCR solution) process for DNA
amplification. PCR is the key ingredient in many biomedical
applications. One key feature for the success of the PCR is to
control the temperature of the solution precisely at the desired
temperature levels required for the PCR in a cyclic manner. Mi-
crofluidics offers a great advantage over conventional techniques
since minute amounts of PCR solution can be heated and cooled
with a high rate in a controlled manner. In this study, a mi-
crofluidic platform has been proposed for continuous-flow PCR.
The microfluidic device consists of a spiral channel on a glass
wafer with integrated chromium microheaters. Sub-micron thick
microheaters are deposited beneath the micro-channels to facil-
itate localized heating. The microfluidic device is modeled us-
ing COMSOL Multiphysics R©. The fabrication procedure of the
device is also discussed and future research directions are ad-
dressed. With its compact design, the proposed system can easily
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INTRODUCTION
There are many methods for detecting pathogens such as
whole cell detection, antibody detection and DNA/RNA detec-
tion. DNA assays, owing to their sensitivity and specificity have
a clear advantage over the two other methods [1]. In DNA as-
says, DNA content of the sample is first extracted and then am-
plified. Amplification can be performed using several methods,
the most popular of which is Polymerase-Chain-Reaction (PCR).
PCR is a reaction in which specific fragments of DNA are copied
exponentially in a thermal cycling process [2]. Different pro-
tocols for PCR have been proposed. Real-time PCR is a tech-
nique, using which specific targeted types of DNA are copied,
detected and quantified simultaneously [3]. The process involves
heating the sample containing DNA and the PCR solution (Poly-
merase enzyme, primers, buffer etc.) to 90−96 oC for 20-30 sec-
onds to melt the DNA and separate its strands, then cooling it to
50−65 oC in order to allow binding of the primers to the specific
strand which is to be copied, followed by heating to around 72 oC
for replicating the primed strand to double-strands followed by
elongation of the newly copied DNA [4]. This process is cyclic
and is repeated generally 20-40 times based on the number of
amplified strands required for detection.
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There are two different approaches in designing microfluidic
platforms for PCR. One is having a stationary reaction chamber,
temperature of which is varied according to the PCR protocol.
The other approach is a continuous flow system in which three
distinct temperature zones are generated on the chip and the flow
moves through these zones in cycles. One main advantage of
the continuous flow system over its stationary counterpart is the
reduced thermal inertia of the system, as only the fluid needs
to be heated and cooled not the whole chamber. This reduced
inertia results in faster temperature cycling which enhances the
overall performance of the device [5].
Several different microchannel architectures have been in-
vestigated by researchers. The early continuous flow PCR chips
used a serpentine channel passing through three different tem-
perature regions. An important drawback of this design is the or-
der of heating zones which forces a single-strand DNA emerging
from the melting zone to pass through the elongation stage before
it can enter the annealing zone for binding with primers. This un-
wanted stay at elongation temperature takes place in every other
cycle, resulting in formation of double-strand DNA and thereby
decreased PCR efficiency [6]. Some groups have reported spiral-
channel configuration for the PCR chip. This configuration has
the potential to effectively eliminate double-strand DNA forma-
tion due to the correct order of heating stages at every cycle.
Zhang et al. [5] reported a continuous flow polymerase chain re-
action chip by embedding channels inside copper heating blocks.
Another group [7] designed and fabricated a PDMS-based spiral
channel PCR chip with integrated platinum heaters and a fan for
heating and cooling.
As for the heating and cooling of the chip, many groups [8,9]
have used heating blocks and peltier units. However, large ther-
mal inertia of these units prevents fast response of the system and
increases the overall size of the device. Integrated micro heaters
have a much smaller thermal inertia and are extremely small in
size and hence appear to be more convenient for microchip ap-
plications. However, one drawback is the difficult and expensive
methods involved in their fabrication. Some groups have used
titanium and Nichrome thin films as heating elements for PCR
reactors [5].
In this study a spiral-channel microfluidics device for real-
time PCR is analysed. The device consists of 100µm wide and
deep microchannels inside a glass substrate with 400nm thin film
chromium heaters beneath the channels to provide localized heat-
ing in order to eliminate the need for forced cooling. The flow
and temperature fields are simulated within the device by using
COMSOL Multiphysics R©. The average temperature within the
microchannel is determined and several design parameters are
optimized for enhanced performance. The fabrication procedure
of the proposed design is also discussed and future research di-
rections are addressed.
Figure 1. Schematic Drawing of the Device
Table 1. Geometric Parameters for Different Cases
Design Par. Case 1 Case 2 Case 3 Case 4 Case 5
φ1 15o 15o 30 o 30 o 30 o
φ2 105 o 105 o 95 o 95 o 95o∗
φ3 20o 20o 30 o 30 o 30 o
φ4 105 o 105 o 80 o 80 o 80 o∗∗
φ5 10o 10o 20 o 20 o 20 o
r1 8.8mm 7.0mm 7.0mm 7.0mm 7.0mm
r3 8.8mm 7.0mm 7.0mm 5.1mm 5.1mm
∗ Denaturation heater is split into three subzones: 25o+45 o+25 o
∗∗ Annealing zone is split into two subzones: 40o+40 o
∗∗∗ Extension zone is split into two subzones: 65 o+40 o
ANALYSIS
For the scope of our simulation, PCR is a thermal cycling
of a certain buffer solution. The thermal steps for a typical PCR
protocol is [10]:
(1) Denaturation step: 90−96 oC for 20-30 seconds
(2) Annealing step: 50−65 oC for 20-30 seconds
(3) Extension step: 72 oC for 20-30 seconds
To ensure the proper thermal cycling, a device composed of
a spiral microchannel network is studied as proposed in the lit-
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erature [5, 7], and several design parameters are optimized for
enhanced performance. The schematic drawing of the system is
given in Fig. 1. The spiral channel starts from an outer radius
and moves towards the center of the wafer as it travels across dif-
ferent temperature zones in a cyclic manner. To ensure three dif-
ferent temperature zones, three different heater sections are cre-
ated each of which has a different length in φ– and r–directions.
Five different cases are considered each of which is chosen for a
better performance. In the fifth case, seven heating sections are
used instead of three to study the effect of increasing the number
of heaters on the overall performance of the device. Different ge-
ometric parameters considered for all cases are given in Tab. 1.
For all cases, r2 is taken as 8.6mm.
The flow field within the microchannels is governed by the
incompressible form of continuity and NavierStokes equations:
∇ ·u = 0 (1)
ρu ·∇u =−∇P+µ∇2u (2)
subjected to the no-slip boundary condition at the channel walls,
uniform velocity at the inlet and zero pressure boundary con-
dition at the exit. The inlet velocity is determined such that it
ensures the required time intervals for each step based on the av-
erage velocity within the microchannel.
The temperature within the microchannels is governed by
the energy equation as follows:
ρcpu ·∇T = k∇2T (3)
The heat conduction within the fused silica wafer and PDMS
cover is governed by the conduction equation as follows:
ki∇2T = 0, (4)
where ki is the thermal conductivity of the domain of interest. In
a real application, the heat will be generated within the heater
section as a result of the resistive heating of the electrode struc-
ture in the form of a volumetric heat generation. However, in
our computational model, the resistive heating of the electrodes
is not modeled, and isoflux boundary condition is given on the
electrode surface. The required flux values which generate the
desired temperature zones are determined by an iterative proce-
dure. For the top, bottom and side surfaces of the device con-
vective boundary condition is used. A lower value is assigned
for the bottom surface since the device will be on a platform and
not subjected to air movement. At the inlet of the microchan-
nels, specified temperature of 90 oC is assigned and for the exit
of the microchannel, convective outflow boundary condition is
designated.
Once the temperature field is determined, the average tem-







Moreover, dividing the average temperature by the average ve-
locity gives the average temperature within the microchannel as
a function of time.
NUMERICAL MODELING
Commercial analysis software, COMSOL Multiphysics R©,
which is based on finite element method, is used to determine
the flow and temperature fields. The density and the viscosity of
water also depend on temperature. So, the flow field and tem-
perature field are coupled. However to ensure convergence, two
flow fields are solved in an iterative manner. First, the flow field
is solved based on the initial zero velocity and room tempera-
ture. After that, the energy equation is computed with the known
velocity values. Then, the flow field and temperature fields are
re-computed in an iterative manner until the converged solution
is obtained. The simulations were carried out on a SuperServer
Workstation (Intel Xeon X5687, Quad core, 3.60GHz, 96GB
RAM). Finer meshes are generated for the microchannel struc-
ture and a relatively course mesh is chosen for the solid regions.
Approximately 1 million elements are used for each case. Typi-
cal run-time for one case (after determining the required heat flux
values for each zone) is about 20mins. The justification for the
computed results is based on the inspection of the velocity and
temperature profiles within the microchannels. Since the flow
is laminar, parabola-like velocity profiles are expected and ob-
served as a result of the computations.
RESULTS AND DISCUSSION
The flow and temperature fields are simulated with the afore-
mentioned boundary conditions. For the transport properties of
the PCR solution, those of water which is defined in the COM-
SOL Materials library as a function of temperature are used. The
thermal conductivity of the fused silica is defined using the ma-
terial library, and thermal conductivity of the PDMS is taken as
0.2W/mK.
In Case 1, the geometry with the parameters given in Tab. (1)
is investigated. Fig. (2) shows the average temperature of the
PCR sample as a function of time as it flows through the chan-
nels. It is observed that the desired constant temperature behavior
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Figure 2. Average Temp. Within the Microchannel (CASE 1)
Figure 3. Average Temp. Within the Microchannel (CASE 2)
within the zones is not satisfied. Moreover, in the final few cy-
cles, the mean temperature in the denaturation zone drops signif-
icantly (for the clarity of this trend a red dashed line is included
in the figure). To reduce the undesired radial temperature gradi-
ent observed in Fig. (2), the heaters are further extended towards
the center of the chip by reducing r1 and r3 as denoted in Tab. (1)
for Case 2. Fig. (3) shows the average temperature as function of
time for this case. Comparing this Case 2 with Case 1 (observ-
ing the dashed red lines), it is obvious that the radial gradient in
the denaturation zone is reduced. However, the problem of not
Figure 4. Average Temp. Within the Microchannel (CASE 3)
Figure 5. Average Temp. Within the Microchannel (CASE 4)
having a reasonably non-varying temperature in the zones still
remains. The main reason for this problem is the thermal inter-
ference from the neighboring zones. To solve this problem, in
Case 3, the size of the heaters and their angular spacing with re-
spect to each other is modified. Fig. (4) demonstrates the reduced
variation in the temperature in each of the three zones. Better
thermal performance may be obtained by opening 300 micron
trenches within the transition zones between the heaters. Case
4 exploits this possibility and the results are shown in Fig. (5).
The trenches reduce the conduction heat transfer area between
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Figure 6. Average Temp. Within the Microchannel (CASE 5)
the zones and reduce the thermal footprint of the neighboring
zones. Also, to minimize the radial temperature gradient, the
denaturation zone has been further extended towards the center.
Fig. (5) verifies the improvement brought about by the trenches
in flattening out the temperatures in the distinct zones. The final
design is investigated in Case 5, in which the number of heaters
are increased to seven (refer to Tab. 1). Different heat flux val-
ues are assigned to the individual heaters and the values which
result in a near-ideal temperature distribution in the microchan-
nels are calculated. Fig. (6) depicts this near-ideal temperature
distribution. The temperature profile within the three zones is
almost flat and well within the required range and the transition
time between the regions is also very short. As the results clearly
show, having split heaters instead of a single heater for a given
zone, facilitates application of different flux values and results
in a perfect temperature distribution. This variable heating rate
can be adjusted by a control circuit which would control the cur-
rent flowing through each heating piece depending on the desired
temperature within the zone. The temperature distribution on the
surface of the device is also shown in Fig. (7). The split heaters
and uniform temperature zones can be seen in the figure.
Since all the conclusions are based on the average tempera-
ture, the deviation of the actual temperature from the average for
a given cross-section of the microchannel is examined at various
locations. It is observed that the variation of temperature at a
given cross-section is below 1 oC. The temperature difference
between the heater surface and the microchannel’s bottom wall
is also examined and a negligible temperature drop is observed.
Therefore, in the real application measurement of the heater sur-
face temperature would predict the temperature within the mi-
crochannel.
Figure 7. Temperature on the Surface of the Device
Based on results of these simulations, some further improve-
ments can be implemented in the experimental phase of this
project.
1. Before the beginning of the PCR cycling, an additional zone
can be designated for an initial PCR activation (95 oC) for 5
minutes which would reduce the efforts for sample prepara-
tion. This initial activation step is implemented in the final
design of the device and can be seen in Fig. 8.
2. The channel cross-sectional area can be increased gradually
while moving towards the center of the spiral. This way,
the residence time for each cycle can be kept constant which
may improve the amplification efficiency.
3. Since this is a continuous flow device, the velocity profile is
parabola-like laminar velocity profile. Although, our design
depends on the average velocity, the residence time for DNA
segments at different locations within the microchannel can
be quite different. This issue can be resolved by switch-
ing to droplet based microfluidics. If the required enzyme
molecules and targeted DNA can be trapped in a droplet, a
droplet can travel through the heating zones. In this case
the residence time of the DNA segments within a droplet
would be equal which may again improve the amplification
efficiency.
4. Driving the solution within a droplet can also facilitate mul-
tiplexing if different enzymes together with PCR solution
can be trapped in different droplets in a controlled man-
ner which would introduce a new dimension in microfluidic
PCR technology.
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Figure 8. CAD Drawing of the Proposed Device
SUMMARY AND FUTURE WORKS
In this study a microfluidics device with a spiral microchan-
nel as the PCR reactor is analyzed. The flow and temperature
fields are simulated within the device. The average temperature
within the microchannel is determined, and by investigating the
cyclic pattern of the average temperature some design parame-
ters are optimized for possible enhanced performance. The de-
vice will be fabricated inside a glass substrate, as the low ther-
mal conductivity of glass and good adhesion to the thin film
heaters are important parameters in this design. Microchannels
will be formed in the glass substrate by wet etching.The isolation
trenches will also be wet-etched. Then, chromium thin films will
be sputtered on the back-side of the substrate followed by etch-
ing to the desired configuration. A PDMS cover plate will be
fabricated and bonded to the glass by plasma activation to form
the channels. External tubing are to be connected to the channels
via reservoir holes on the PDMS plate. Electrical connections
will be achieved via wire bonding.
The temperature control of the distinct zones will be car-
ried out by commercially available temperature control circuits.
As the simulation predicts, the difference between the tempera-
ture of the heaters and the temperature of the fluid in the channel
beneath the heater, is very small. As a practical consequence, the
heater temperature can be measured and extrapolated to estimate
the fluid temperature which is then fed to the control circuit. The
second phase of the tests are to be carried out with actual biolog-
ical samples, in which the amplification of the targeted DNA will
be investigated.
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